In a randomized double-blind trial in healthy Israeli infants in Israel who received the 13-valent or 7-valent pneumococcal conjugate vaccine (PCV13 or PCV7, respectively) at 2, 4, 6, and 12 months, PCV13 significantly reduced nasopharyngeal (NP) colonization of serotypes 1, 6A, 7F, 19A, cross-reacting 6C, and the common PCV7 serotype 19F, from ages 7 to 24 months. No differences were observed between the vaccine groups for serotype 3 or for the remaining common PCV7 serotypes. For serotype 5, too few events were observed to draw an inference. Generally consistent with these findings, PCV13 elicited significantly higher enzyme-linked immunosorbent assay ( W e previously reported a randomized double-blind trial involving 1,866 healthy infants in Israel, which assessed the effectiveness of the 13-valent and 7-valent pneumococcal conjugate vaccines (PCV13 and PCV7, respectively), administered at 2, 4, 6, and 12 months of age, in reducing nasopharyngeal (NP) colonization from ages 7 to 24 months, and we compared the immunogenicity of the two vaccines measured by enzyme-linked immunosorbent assay (ELISA) 1 month after the infant series and 1 month after the toddler dose (1). The impact on NP colonization was generally consistent with the higher immune responses elicited by PCV13 (PCV7 plus serotypes 1, 3, 5, 6A, 7F, and 19A) compared with those of PCV7 (serotypes 4, 6B, 9V, 14, 18C, 19F, and 23F), as measured by ELISA, in particular for serotypes 1, 6A, 7F, 19A, and 19F, for which immune responses were significantly higher and NP colonization was significantly lower in the PCV13 group. For serotype 5, there were too few acquisitions to draw inferences, and for serotype 3, which elicited the lowest IgG immune response, no impact on colonization was observed (1).
W
e previously reported a randomized double-blind trial involving 1,866 healthy infants in Israel, which assessed the effectiveness of the 13-valent and 7-valent pneumococcal conjugate vaccines (PCV13 and PCV7, respectively), administered at 2, 4, 6, and 12 months of age, in reducing nasopharyngeal (NP) colonization from ages 7 to 24 months, and we compared the immunogenicity of the two vaccines measured by enzyme-linked immunosorbent assay (ELISA) 1 month after the infant series and 1 month after the toddler dose (1) . The impact on NP colonization was generally consistent with the higher immune responses elicited by PCV13 (PCV7 plus serotypes 1, 3, 5, 6A, 7F, and 19A) compared with those of PCV7 (serotypes 4, 6B, 9V, 14, 18C, 19F, and 23F), as measured by ELISA, in particular for serotypes 1, 6A, 7F, 19A, and 19F, for which immune responses were significantly higher and NP colonization was significantly lower in the PCV13 group. For serotype 5, there were too few acquisitions to draw inferences, and for serotype 3, which elicited the lowest IgG immune response, no impact on colonization was observed (1) .
To further assess immune responses and colonization, functional antibodies were measured by opsonophagocytic activity (OPA) assays in the remaining serum. A post hoc analysis was then performed to assess whether there is an association between anticapsular IgGbinding antibody responses measured by ELISA and the functional antibodies measured by OPA assays, in order to ascertain whether the transfer of inferred associations between IgG responses and NP colonization to OPA responses is appropriate.
MATERIALS AND METHODS
Trial design. This randomized double-blind trial was conducted in Israel by a single coordinating center overseeing activities at 11 clinical sites. The details of the study, including vaccine formulations, are described elsewhere (1). In brief, eligible subjects were randomly assigned at a 1:1 ratio to receive PCV13 or PCV7. PCV13 or PCV7 was administered at approximately 2, 4, and 6 months of age (infant series), as well as at 12 months of age (toddler dose), by intramuscular injection into the anterolateral left thigh. Other pediatric vaccines were administered according to national recommendations into the anterolateral right thigh. Blood samples for serology were obtained at 1 month after the infant series and at 1 month after the toddler dose. NP swabs for culture were taken at 2, 4, and 6 months to establish a baseline, and also at 7, 12, 13, 18, and 24 months to assess NP acquisition over time and the prevalence of serotypes at each age point. The trial was approved by the Institutional Ethics Committee of the Soroka University Medical Center and the National Ethics Committee. PCV13 was not available in Israel during the period when subjects were to be vaccinated, which allowed for a comparison with licensed PCV7. Assessment of anticapsular IgG binding antibodies was a predefined endpoint of the study, but assessment of functional antibody responses was not. The study protocol and informed consent permitted additional assays of the remaining serum samples to further assess the immune response to the administered vaccines.
Participants. Healthy 2-month-old infants (age range, 42 to 98 days) were enrolled after their parent(s)/legal guardian(s) provided informed consent. The details of the eligibility criteria are included in Dagan et al. (1) . Subjects eligible for the OPA analyses were those included in the pneumococcal IgG analysis who had sufficient serum for the OPA assays. The evaluable immunogenicity population included participants who adhered to the protocol requirements, had valid and determinate assay results, and had no other major protocol violations. The all-available immunogenicity population included all randomized participants who had Ն1 valid and determinate assay result. Sufficient subjects (n ϭ 354) were selected randomly to allow approximately 100 evaluable subjects (50 Jewish and 50 Bedouin) from the PCV13 and PCV7 vaccine groups to be assessed by OPA at each sampling time. The results of the all-available population were similar to that of the evaluable immunogenicity population and are not presented here.
Opsonophagocytic activity assays. Validated microcolony OPA assays were used to measure the 13 pneumococcal serotypes contained in the PCV13. These assays were based on previously described methods (2, 3) . OPA assay titers were defined as the interpolated reciprocal serum dilution that results in complement-mediated killing of 50% of the bacteria in the assay. The assay sensitivity is the limit of detection (LOD), which is normally a titer of 8 and is the same for each serotype-specific OPA assay. However, because of the limited volumes of the available samples for the post hoc analyses in this study, the samples were diluted 1:2 before testing for the OPA. Therefore, the LOD for a 1:2 prediluted sample was 16 (instead of 8). The lower limit of quantitation (LLOQ) was determined for each serotype-specific assay during assay validation; OPA titers higher than the LLOQ were considered accurate, and their quantified values were reported. Titers lower than the LLOQ were set to 0.5ϫ LOD for analysis, which here is a titer of 8. In addition, a sensitivity analysis was performed in which OPA titers lower than the LLOQ were set to 0.5ϫ LLOQ for each serotype. The LLOQ in the titers for each serotype was doubled, given the 1:2 prediluted sample. 
FIG 1
Immune responses as measured by ELISA and OPA assays. The immune responses were significantly higher when the lower limit of the 95% CI for the ratio was Ͼ1 and were significantly lower when the upper limit of 95% CI for the ratio was Ͻ1.
serotype 23F, 26. Serotype-specific assay titers as determined from the assay plates were adjusted for the dilution factor (i.e., doubled) in reporting the final results. Statistical analysis. The serotype-specific OPA titers were logarithmically transformed for analysis. Within each vaccine group, serotype-specific OPA geometric mean titers (GMTs) were calculated. Two-sided 95% confidence intervals (CIs) for the GMTs and the ratio of GMTs (GMR) for each group were constructed by back transformation of the CIs for the mean of the logarithmically transformed assay results computed using the Student t distribution. The mean difference of the logarithmically transformed results is equivalent to the ratio of the GMTs for each group on the logarithmic scale. Comparisons of the IgG responses between the vaccine groups using the same statistical methods were available from the main study (1) . In addition, analyses were performed to assess whether there was a correlation between the IgG concentration and the OPA titer by vaccine group for all serotypes.
RESULTS
The evaluable immunogenicity population with OPA results consisted of 351 subjects. The two vaccine groups were similar with respect to their demographic characteristics (Table 1) .
After the infant series, PCV13 elicited significantly higher OPA responses than PCV7 for the six PCV13 additional serotypes and for common serotype 19F (lower limit of GMR 95% CI, Ͼ1); the responses for the remaining six common serotypes were similar (serotypes 4, 6B, 9V, and 18C) or lower (serotypes 14 and 23F, with upper limit of GMR 95% CI, Ͻ1) in the PCV13 group ( Fig. 1 ; see also see Table S1 in the supplemental material). A generally similar response pattern was observed after the toddler dose. The pattern of functional antibody responses measured by OPA assays after the infant series and after the toddler dose was generally similar to that observed by IgG-binding antibody responses measured by ELISA ( Fig. 1 ; see also Table S1); the previously reported NP acquisition data (see Table S1 ) show that the general similarity between the OPA and ELISA results extends to the relationship between the ELISA results and NP colonization.
In the PCV13 group, the OPA and IgG responses correlated significantly (lower limit of the 95% CI, Ͼ0) for all 13 serotypes after the infant series and after the toddler dose (Table 2 ).
In the PCV7 group after the infant series, the OPA and IgG responses correlated positively for all 7 common serotypes and serotype 6A (cross-reaction with 6B), but not for the other additional serotypes unique to PCV13, including serotype 19A (which showed no cross-reaction with 19F). Generally, similar results were seen after the toddler dose, but in addition, serotypes 3 and 7F correlated positively; however, the immune responses for these serotypes were minimal ( Table 3) .
The above analyses were repeated, this time with OPA titers lower than the LLOQ, which were set to 0.5ϫ LLOQ. Higher OPA GMTs were achieved using 0.5ϫ LLOQ for titers lower than the LLOQ compared with OPA GMTs using 0.5ϫ LOD for titers lower than the LLOQ. In some cases, this resulted in lower GMT ratios, but the statistical inferences of the comparisons of the two vaccines did not change (comparisons were based on the assessment of the 95% CI of the GMT ratios; see Table S1 in the supplemental material). For the correlation of IgG geometric mean concentrations (GMCs) and OPA GMTs using 0.5ϫ LLOQ for titers lower than the LLOQ, changes in the correlation values were minimal, and there were no changes in the statistical inferences, where correlations were statistically significant when the lower limit of the 95% CI was Ͼ0 (data not shown).
DISCUSSION
This post hoc analysis showed that the immune responses elicited by PCV13 compared to those elicited by PCV7 measured by serotype-specific OPA assays (functional antibodies) showed a pattern of responses similar to those measured by ELISA (binding antibodies). For the 6 serotypes unique to PCV13 and for common serotype 19F, the IgG and OPA levels were significantly higher after PCV13 than after PCV7; for the other 6 common serotypes, the immune responses elicited by PCV13 were similar to or lower than those elicited by PCV7. In addition, in the PCV13 group, the IgG levels correlated significantly with the OPA levels. In the PCV7 group, a correlation between the IgG and OPA levels was observed for the PCV7 serotypes and cross-reacting serotype 6A but not for 19A or the other PCV13 additional serotypes (with the exception of serotypes 3 and 7F after the toddler dose, but the immune responses for these serotypes were very low). The correlation between the OPA and ELISA results has also been demonstrated in other studies (4, 5) . The degree of OPA-to-IgG correlation can be affected by the OPA assay type used, e.g., killing OPA assay versus uptake assay. As uptake assays are of limited value for the assessment of functional pneumococcal responses, a functional immune response to Streptococcus pneumoniae should be measured by true OPA killing assays, as were performed in our studies. Moreover, others have shown that the OPA killing assay correlates better with IgG concentrations than do radiolabeled or flow cytometric-based uptake assays (6) . It has been shown that when a correlation was found between OPA and ELISA, protection against invasive pneumococcal disease (IPD) was demonstrated (6) . The cross-reacting serotype 6B in PCV7, for example, elicited both IgG and OPA antibody responses to serotype 6A, which were consistent with protection against serotype 6A IPD. In contrast, the cross-reacting serotype 19F in PCV7, which elicited IgG responses for serotype 19A but only minimal OPA responses for 19A, was not effective against this serotype (7) . These data further support functional antibodies, measured by OPA assays, as the basis for protection against pneumococcal disease (8) . Therefore, OPA titers may serve not only as a surrogate for protection against pneumococcal disease but, by extrapolation, as a surrogate for protection against NP colonization. No thresholds for protection have been defined for OPA titers for each serotype. For ELISA, a cumulative threshold of 0.35 g/ml has been defined for all serotypes using the WHO assay against IPD, but this may not accurately predict effectiveness against mucosal diseases, such as pneumonia and otitis media (9) . One study showed that a much higher serum IgG level of protection than that defined by the WHO against IPD may be required to reduce NP colonization, and that absolute levels may differ between the serotypes (10). Based on the need for correlation of the ELISA and OPA titers to offer protection, we may conclude that higher functional antibody titers may be required for protection against NP colonization and mucosal disease than that required for IPD. In addition, although vaccination with conjugate vaccines is considered the main mechanism for the reduction of NP carriage and for direct prevention and transmission prevention (herd effect) of pneumococcal disease (11) , other factors may play a role in pneumococcal disease reduction. These include geographical location, socioeconomic status, age, maturation of the immune system, smoking, antibiotic use, health, and innate immunological mechanisms for mucosal clearance, including the role of interleukin-17A (IL-17A)-producing Th17 CD4 ϩ cells, which are considered important effectors against S. pneumoniae colonization and subsequent disease (12, 13) .
In conclusion, this study supports an association between serum serotype-specific IgG concentrations and OPA titers in children Ͻ24 months of age, which allows a transfer of associations between higher IgG responses and reduced NP colonization (1) to OPA responses after vaccination with PCV13. Higher IgG antibody binding levels may achieve higher protection against NP colonization (1, 14) . Similarly, higher OPA functional antibody levels may be associated with increased reduction in the carriage of vaccine type serotypes, with subsequent protection against pneumonia, otitis media, and IPD in the individual, as well as in the community via herd immunity.
